At low density, population growth rates of dioecious zooplankton depend on the encounter rate of potential mates, resulting in a demographic Allee effect and a critical density for population establishment and persistence. Empirical evidence confirms a critical density for the calanoid copepod Hesperodiatomus shoshone, but existing estimates of the critical density span an order of magnitude. Combining three-dimensional video analysis of mating behavior with life history data from natural populations we estimated H. shoshone critical density to be 0.44-1.44 m 23 . The critical density was highly dependent on body size, primarily as a result of the latter's influence on swimming speed. Swimming speed also depended on temperature, increasing . 25% as temperature increased from 5uC to 16uC. Rapid swimming (1.25-2.4 cm s 21 ) and the ability to follow pheromone trails greatly improved the ability of H. shoshone to find mates. The large effect of temperature on mating behavior means that environmental variation can have a major effect on critical density and indicates that recovery or colonization events may be more likely to succeed in warmer lakes and/or warmer years. Considering the potential for critical densities to vary with environmental conditions is important for understanding how these thresholds determine population establishment and persistence in sexually reproducing aquatic organisms and other populations subject to Allee effects.
In sexually reproducing organisms, population persistence depends on encounters between male and female gametes. If population density is too low, mate limitation can reduce population growth rates, resulting in positive density dependence, commonly known as the Allee effect (Courchamp et al. 2008) . Mate limitation is the most commonly documented cause of Allee effects (Kramer et al. 2009 ), which, when strong, can create a critical threshold for population persistence below which population growth rate is negative (Stephens et al. 1999; Courchamp et al. 2008) . Critical densities are often predicted by theoretical models (Courchamp et al. 2008 ) and would be expected to result in strong selection for adaptations that ameliorate the Allee effect, such as facilitation of mate-finding. However, data confirming strong Allee effects in natural populations are less common (Kramer et al. 2009; Gregory et al. 2010) . Furthermore, the relationship between critical density and environmental variation has been largely ignored (but see Tobin et al. [2007] ). In aquatic organisms in particular, mate limitation may depend strongly on environmental conditions because reproductive success in broadcast spawners and planktonic organisms is likely contingent on the characteristics of the surrounding fluid.
Planktonic copepods offer an opportunity to integrate mechanistic models and experimental data to improve understanding of critical thresholds that stem from mate limitation. In the Sierra Nevada, the diaptomid copepod Hesperodiaptomus shoshone typically suffers local extinction following the stocking of non-native trout (Knapp et al. 2001 ). If stocking is halted and the fish die out or are removed, H. shoshone sometimes fails to reestablish (Sarnelle and Knapp 2004; Knapp and Sarnelle 2008) , a pattern that has also been observed in a closely related species in the Rocky Mountains (Parker et al. 1996) . Lack of recovery is surprising given the widespread distribution of these species (Knapp et al. 2001 ) and the persistence of long-lived diapausing eggs in lake sediments (Hairston 1996; Parker et al. 1996) .
One explanation for the reduced resiliency of these copepods relative to other alpine lake invertebrates is the difficulty of finding a mate at low density. In a threedimensional (3D) habitat that is large relative to copepod body size, the rate of male-female encounters can limit population growth and persistence (Gerritsen 1980; Buskey 1998; Kiørboe 2006) . Mechanistic models based on population growth rate and encounter rate predict a critical density threshold for copepod population viability (Gerritsen 1980; Kiørboe 2006) . Below this threshold, mate limitation is expected to result in a negative population growth rate. Mate limitation has been hypothesized to explain observed minimum population densities in other copepod species (Kiørboe 2006; Choi and Kimmerer 2008) and has been shown to contribute to the failure of H. shoshone populations to reestablish after fish disappearance (Sarnelle and Knapp 2004; Kramer et al. 2008) .
Using Gerritsen's (1980) simplistic diffusion model of encounter rate and limited information about swimming speed, detection distance, and life history parameters, the critical density for H. shoshone recovery was initially estimated to be between 0.5 and 5 m 23 (Sarnelle and Knapp 2004) . Results of a recent multi-lake reintroduction experiment indicated that the critical density was somewhat lower, between 0.2 and 3 m 23 (Kramer et al. 2008 ).
However, both estimates span an order of magnitude in population density. Here our aim is twofold: to determine if detailed information on mating behavior of individual H. shoshone can provide a more precise estimate of critical density that is congruent with the results of the multi-lake field experiment and to assess how variation in environmental factors affects the critical density of H. shoshone.
Various adaptations to increase encounter rate, including swarming (Ambler et al. 1996) , pheromone clouds (Nihongi et al. 2004; Kiørboe et al. 2005) , and pheromone trails (Tsuda and Miller 1998; Yen et al. 1998; Bagøien and Kiørboe 2005) , have been identified in copepods. Earlier studies on freshwater copepods did not find evidence of pheromone trails (Watras 1983; van Leeuwen and Maly 1991; Nihongi et al. 2004 ), but recent observations by our group demonstrate that H. shoshone males use pheromone trails to locate females (J. Yen et al. 2011) . Theory indicates that pheromone production, and trail-following in particular, should be more likely in larger species (Dusenberry and Snell 1995; Kiørboe and Bagøien 2005) , such as H. shoshone. Trail-following should result in higher encounter rates than hydromechanical or pheromone-cloud methods of detection . Here we analyze a large number of H. shoshone mating interactions and use the results to estimate critical density with a more complex model that incorporates pheromone trails.
Our second objective was to examine how environmental variation affects encounter rate and consequently, the critical density of H. shoshone. In this article we focus specifically on the role of temperature, given that interannual variation in temperature is large in lakes inhabited by H. shoshone (Sarnelle and Knapp 2005) . It is well known that temperature affects many aspects of copepod life history, including reproductive rates (Watras and Haney 1980; Williamson and Butler 1987; Chow-Fraser and Maly 1991) , developmental rates (Robertson et al. 1974; Hart and McLaren 1978) , and life span (Jersabek and Schabetsberger 1995; Hirst and Kiørboe 2002) , but effects on population growth rate and viability resulting from changes in encounter rate are unstudied. Temperature may affect encounter rate via both physiological mechanisms, such as changes in activity or pheromone production, and physical mechanisms, including changes in viscosity and diffusion rates. Temperature varies spatially, annually, and seasonally for many copepod species, and temperature regimes may shift under the influence of climate change, making it important to consider whether temperature variation significantly shifts critical density by changing male-female encounter rates.
Methods
Animal collection and maintenance-Mating experiments were run in two summers. In July 2004, adult H. shoshone were collected from Dissertation Lake in John Muir Wilderness, Sierra Nevada, California (3602-m elevation, 37u169030N, 118u419330W; Kramer et al. 2008 ). These were a random sample from a population with adult male length 5 2.49 6 0.13 mm and adult female length 5 2.63 6 0. Yen et al. 2011) .
Observations of mating behavior were conducted at 5uC, 12uC, and 16uC, given that mean temperatures for the icefree period of seven alpine lakes in the Sierra Nevada (3358-3583-m elevation) ranged from 6.4uC to 16.5uC between 1996 and 2002 (Sarnelle and Knapp 2004) . Two days prior to experiments, randomly selected males and gravid females were separated and acclimated to experimental temperatures. Experiments were conducted in a 3.0-liter cubic vessel containing spring water that was maintained at the treatment temperature by circulating distilled water in a large water jacket through a refrigeration unit. Mating behavior was recorded using 3D Schlieren laser videography, as developed by Strickler and Hwang (1998) and further described by Doall et al. (1998) .
Experiments were initiated by adding males and females to the vessel at a nearly 1 : 1 ratio (Table 1) . We observed mating in mixed groups of individuals in a relatively large vessel (rather than single male-female encounters in a small container) to better approximate natural conditions. Mating interactions at each temperature were recorded for 4-h periods on two consecutive days (trials; Table 1), 05 and 06 August 2006 (8 h total). Males and females were separated between trials, maintained at their acclimation temperature, and fed rotifers. To keep sex ratio and density as constant as possible, dead animals were replaced with randomly selected replacement individuals that had been acclimated to the treatment temperature for . 24 h.
Video recordings were processed to identify H. shoshone mating interactions. We defined a mating event as behavior culminating in one individual being clasped by a pursuing individual, followed by the pair entering a characteristic tumbling behavior. The sex of animals was not obvious from the recording, so the pursuer was assumed to be a male and the pursued a female. Previous observations have indicated that males preferentially pursue females (J. Yen et al. 2011) . We digitized several seconds of swimming at 1/30-s intervals prior to each attempted mating for which both animals were visible in both the x-z and y-z views. This resulted in a total of 116 analyzable events across all trials (Table 1) .
We quantified the swimming speeds of the animals prior to mate detection and the length of the trail followed by the male J. Yen et al. 2011 [for calculations] ) from the digitized video. Initiation of trail following was recognized by an abrupt change in direction and noticeable acceleration of the male and was confirmed by the initiation of overlap between the digitized male and female paths. Pheromone trail length was estimated as the length of the female's swimming path between her and the male at the point pursuit began. The latter was defined as the point along the female path closest to the male when he reacted to the presence of the trail.
ANOVA was used to evaluate the effect of temperature on swimming speed, average trail length, and average trail age using each encounter as a replicate observation. There were no significant differences in these parameters between experiments performed on different days (p . 0.3), so we pooled observations across days. Post hoc pairwise comparisons were done using Tukey-Kramer Honestly Significant Difference (Zar 1999) .
Encounter model and estimate of critical density-We estimated the search volume rate (b, m 3 d 21 ) for H. shoshone using an equation for a cruising male and a female pheromone trail , thus:
where S is the sensory reach of the copepod (the length of one antennule, here roughly equivalent to the body length), L is the length of the pheromone trail (as defined above), D p is the diffusion coefficient of the pheromone, v is the swimming speed of the female prior to detection, and u 2D is the two-dimensional component of male swimming speed prior to pursuit. D p was assumed to be 10 25 , typical of small biological molecules , and the twodimensional component of male speed (needed for calculating search volume rate) was estimated by assuming that measured 3D swimming speeds were directionally random . The 3D swimming speed was calculated directly from the males' digitized paths by dividing distance traveled by time elapsed. The search volume rate was used to estimate critical density (N C ) using a modification of Gerritsen's (1980) encounter model. The critical sexual encounter rate (Z) necessary to maintain a population without growth is
where t is the length of the breeding season (d) and R max is the maximum net reproductive rate under optimal conditions. Because H. shoshone use pheromone trails to increase encounter rate, we replaced Gerritsen's (1980) diffusion model of encounter (his eq. 5) with Eq. 1 and assumed a 1 : 1 sex ratio, yielding Z 5 b 3 N C /2. We then solved for N C (m 23 ) and obtained:
This formulation is ideal because it includes the mechanistically accurate estimate of encounter rate and we are able to estimate R max with existing data. An alternative, more complex formulation (Kiørboe 2006 ) was less suitable because data for accurately estimating the stage-specific mortalities are not available for this or related species. An estimate of maximum population growth rate (R max ) cannot be obtained from established populations of H. shoshone (or many other alpine copepods) because this species is univoltine (producing resting eggs during the summer that hatch the following spring or remain in the egg bank) and because population density varies little from year to year. This leaves two alternatives for estimating R max : life table experiments in the laboratory or observations of rapidly growing populations in nature (i.e., populations that are increasing from low density). The former do not exist, so we estimated R max from the first 4 yr of population growth after the reintroduction of Hesperodiaptomus arcticus in an alpine lake in the Canadian Rockies (r 5 1.57 yr 21 ; McNaught et al. 1999) . Like H. shosone, H. arcticus is large; inhabits fishless, high-altitude lakes; and is univoltine, producing resting eggs during the summer that hatch in following springs. Other estimates of Table 1 . The conditions and results of mating trials. Density and sex ratio varied based upon mortality. The same individuals were used in trials 1 and 2 (except that replacements were used as a result of mortality between trials). Observed mating attempts are the total seen in the recording of the 4-h trial, and analyzable encounters are the subset from which complete 3D positions were obtainable. na, events observed during several trials of 2-4 h (J. Yen et al. 2011 (Kramer 2007) . Uncertainty in b and N C was estimated from nonparametric bootstraps performed with package 'boot' in R (Canty and Ripley 2010) (Davison and Hinkley 1997) . Mean values were calculated for each of 10,000 resamples from the male and female swimming speeds in each treatment. The 250th and 9750th values were taken as the 95% confidence interval (CI) for the mean. Maximum trail length (see Results) was treated similarly, except treatments were pooled. The CIs for b were estimated by using the combination of the lower limit of trail length and swimming speeds to calculate the lower bounds and the combination of the upper limit of trail length and swimming speeds to calculate the upper bounds.
Results
For the Sawtooth Range H. shoshone, temperature affected swimming speeds (ANOVA, p , 0.001, Fig. 1a ) but not average trail lengths (p . 0.2). Male and female swimming speeds prior to pursuit were higher at 16uC (p , 0.001), and they were not different between 5uC and 12uC (Fig. 1a) . Male swimming speed during trail-following also increased with temperature (ANOVA: p 5 0.05) and was always higher than speed prior to pursuit (t-test, t 5 29.7, df 5 104, p , 0.001). Swimming speed differed between Sierra Nevada and Sawtooth Range animals at the same temperature (Fig. 1a) , as would be expected because of the larger size of the latter.
Average trail lengths varied from 1.5 cm (SD 5 0.75 cm) at 5uC to 1.2 cm at 16uC (SD 5 0.97 cm). Maximum trail length is the more relevant measure for the encounter model, since we are interested in how far away the male could have detected the female, not in the average distance at which he happened to encounter the trail. We estimated maximum trail length as the average of the 90th percentile across all treatments and used this L 5 3.14 cm (95% CI 5 2.56-3.73 cm) as our estimate of L in the encounter model (Eq. 1). We used this estimate for both the Sierra Nevada and Sawtooth Range animals, as the Sierra Nevada sample was too small to effectively sample longer trail lengths. It is possible that smaller copepods would have trails of a somewhat different length.
Given our estimates of trail length and swimming speed, search volume rate varied from 0.13 m 3 d 21 to 0.41 m 3 d 21 (Table 2) . Assuming a maximum growth rate of r max 5 1.57 yr 21 (see Methods), the corresponding critical density Fig. 1. (a) Average pre-pursuit swimming speed (cm s 21 ) for female and male H. shoshone from Sierra Nevada and Sawtooth Range. Sample size is indicated inside each bar, and error bars represent the 95% CI of the mean (non-parametric bootstrap). Treatment temperature had a significant effect on both female and male speed (ANOVA results: p , 0.001). (b) Critical density calculated using male and female speed from Sierra Nevada and Sawtooth Range at each temperature treatment and estimated maximum growth rate (r 5 1.57 yr 21 ; from McNaught et al. [1999] ). See Methods for CI estimation. Sierra Nevada animals were > 2.5 mm long, and Sawtooth Range animals were > 3 mm long. for Sierra Nevada H. shoshone was 1.1 m 23 (Fig. 1b) . The estimated critical density was lower for the larger Sawtooth Range animals, 0.56-0.73 m 23 (Fig. 1b) .
To assess the relative importance of variation in parameters influencing encounter rate vs. variation in maximum reproductive rate, we looked at the sensitivity of critical density to swimming speed, trail length, and intrinsic growth rate. Using a hypothetical population at 12uC and with r max 5 1.57 yr 21 as our baseline, we varied r max , male swimming speed, and maximum trail length from 50% below the baseline to 100% above the baseline. Changes in maximum reproductive rate had little influence on critical density (Fig. 2a) . Proportionally equivalent changes in swimming speed and trail length had very similar and substantially larger effects on critical density within the range of realistic parameters (Fig. 2b,c) . It is also apparent that proportional decreases in the parameters have a larger absolute effect than do proportional increases (Fig. 2 ).
Discussion
Our behavioral data enabled estimation of a critical density for H. shoshone (0.56-1.1 m 23 ; 95% CI: 0.44-1.4 m 23 ) that was congruent with, but narrower than, an estimate based on the results of a multi-lake reintroduction experiment (0.2-3 m 23 ; Kramer et al. 2008 ). We also found that increased swimming speeds at larger body sizes and higher temperatures have a relatively large effect on estimates of critical density. Model calculations indicate that critical density is more sensitive to temperatureinduced changes in encounter rate than to variation in maximum growth rate over the range of temperatures found in the H. shoshone habitat. Because both encounter rate and life history parameters are expected to vary with temperature, critical density in this species likely varies substantially among lakes and between years.
Increased precision in our estimate of critical density resulted from the combination of a more realistic model of mating behavior with experimental measurements of the parameters affecting encounter rate and an estimate of r max that was based on field observations. Our estimate of maximum growth rate is likely to be an underestimate, since any natural population is unlikely to be at exactly optimal density and environmental conditions. However, the sensitivity analysis shows that doubling the maximum growth rate has very little influence on critical population density. An additional factor that may affect search volume rate is turbulence, which was minimal in our experiments. Turbulence is likely to shorten the length of pheromone trails while effectively increasing swimming speed, and understanding the balance of these processes may be important.
In addition to expected improvements in our estimate of critical density, we have also shown that temperature strongly influences the critical density of copepod populations by affecting swimming speed (Fig. 1b) . Notably, male swimming speed increased more than female speed across our temperature gradient (Fig. 1a) , and increases in male speed have a much larger effect on critical density than do Fig. 2 . Sensitivity of estimated critical density to changes in (a) net reproductive rate, (b) male speed prior to detection, and (c) trail length. Default value is speed and trail length for males and females at 12uC (see text), 60-d breeding season, and r 5 1.57 yr 21 . Range extends from 50% less than baseline to 100% greater than baseline values. In (b), female swimming speed was increased by the same proportion as male speed. equivalent increases in female speed (Eq. 1). Increases in swimming speed could be due to higher metabolic rates and decreases in viscosity (Podolsky and Emlet 1993) at higher temperatures, although these factors had no detectable influence between 5uC and 12uC, the range over which swimming speeds were not significantly influenced by temperature (Fig. 1) , indicating there may be a threshold or acceleration in the relationship. Whether temperature affects pheromone trails is unclear from our results, but this could have been a consequence of relatively low statistical power. Maximum trail length is the most relevant factor with regard to the determination of encounter rate, and a very large number of observations of male pursuit would be needed to more precisely estimate these maxima.
Changes in water temperature alter critical density by affecting encounter rates, but they also can affect at least one other component of critical density, namely reproductive rate. In general, warmer water results in increased egg production rate by copepods (Hirst and Kiørboe 2002) , but the relationship can be non-linear as a result of the interacting trends of higher egg production rate, higher mortality, and decreased clutch size (Allan 1976) . For example, in one alpine copepod species egg production rate was maximized at 20uC, while another species experienced its highest fecundity at an intermediate (10uC) temperature (Jersabek and Schabetsberger 1995) . A more general pattern is that r max changes as the inverse of generation time (Savage et al. 2004) , with copepod generation time dependent on temperature and body mass (Gillooly 2000) . This fits with research indicating that as water temperature declines to 0uC, cold-adapted copepod females will continue to produce eggs but will take longer to mature and then to produce each clutch, thereby reducing r max (Jersabek and Schabetsberger 1995; Hirche et al. 1997) . A reduction of r max from our conservative estimate of 1.57 yr 21 to the rate of growth observed in a mate-limited H. shoshone population (r 5 0.236 yr 21 ; see Methods) implies a sixfold increase in generation time and an increase in estimated critical density to a level that is still below 1 m 23 . More realistically, previous data on copepods indicate that a temperature decrease from 12uC to 5uC is expected to roughly double generation time (Huntley and Lopez 1992) , reducing r max by 50%. We can conclude that for populations in which generation time is short enough to allow production of at least one clutch (see next paragraph), temperature-induced changes in intrinsic growth rate would have much less effect on H. shoshone critical density than would potential changes in behavioral factors (Fig. 2) .
Inter-annual temperature variability is also likely to change breeding season length through its effect on ice-free duration of a lake (in addition to the effects of water temperature on generation time that are described above). Proportional increases in breeding season length have potential effects similar to increases in swimming speed and trail length (Eq. 3), and the effect is linear, with a halving of breeding season length resulting in a doubling of the estimated critical density. Short breeding seasons are likely to greatly exacerbate mate limitation, and in the extreme case of generation time being longer than the breeding season set by lake conditions, reproduction will fail regardless of population density. Conversely, in warm years, alpine lakes will experience longer ice-free periods, presumably allowing adults to appear earlier in the year and likely improving food quality and/or quantity (Sarnelle and Knapp 2004) , but increased temperature also results in increased mortality rates (Allan 1976; Hirst and Kiørboe 2002) . Because of these opposing influences, we used a single estimate of breeding adult presence in the lake, 60 d, which is equal to or greater than the maximum observed in 5 yr of sampling Sierra Nevada H. shoshone populations (Kramer 2007) and that is conservative with respect to the lower bound of the critical density because it assumes all individuals are available to mate for 60 d.
Combining the effect of temperature on mating behavior and other components of critical density in H. shoshone, it seems likely that warmer temperatures within the historical range result in lower critical density for these alpine copepods. The temperature range of 6.4-16.5uC observed by Sarnelle and Knapp (2004) , which included an extremely cold year, is nearly identical to that examined in this experiment, and our results indicate a , 25% reduction in critical density at higher experimental temperatures as a result of increased swimming speed. A 25% decrease in critical density is a large change in terms of the number of individuals required for reestablishment. The median volume of lakes with established populations of H. shoshone in the Sierra Nevada is 1.3 3 10 5 m 3 (Kramer and Sarnelle 2008) . A decrease in critical density from 0.73 m 23 (5uC) to 0.56 m 23 (16uC) means that almost 25,000 fewer animals must initially colonize in order for a population to become established. It follows that recovery or colonization events taking place in warmer lakes or in warmer years may be more likely to succeed in establishing a population, especially given that dispersal rates are low enough that population establishment often fails, even in the presence of an egg bank (Kramer et al. 2008) . Similarly, our results highlight the importance of body size. Populations of H. shoshone with body size closer to 2.5 mm (Sierra Nevada) than to 3 mm (Sawtooth Range) are likely to have significantly lower swimming speeds and, therefore, a higher critical density.
More generally, these results indicate that H. shoshone deals with the potential challenges of finding mates through two important adaptations: the ability to produce and follow pheromone trails (J. Yen et al. 2011 ) and rapid swimming. The swimming speed of H. shoshone is faster than published swimming speeds for other calanoid copepods (Fig. 3) and several times higher than the speed of the similarly size marine copepod Calanus marshallae (Tsuda and Miller 1998) . A potential explanation for this difference is that H. shoshone evolved in the absence of fish, meaning that adults have no pelagic predators, and many of the lakes also lack potential predators of juveniles, such as cyclopoid copepods and Chaoborus (Sarnelle and Knapp 2004) . Increases in swimming speed increase the encounter rate with predators in much the same way as they increase the encounter rate with mates (Gerritsen 1980) , with an added potential for increased detectability, and the lack of predators may have favored rapid swimming in these large animals or may have allowed a large size, allowing rapid swimming (Kiørboe 2008) . Existing data on copepod mate search capability also indicate that large body size favors production of pheromone trails . Adaptations that lead to an increased probability of mating should enhance the ability of a population to colonize and persist in isolated habitats, which is especially important in this case, because calanoid copepods have limited dispersal capabilities relative to other zooplankton (Jenkins and Buikema 1998; Cá ceres and Soluk 2002) . Thus, it is conceivable that selection for large size (5 faster swimming) in sexually reproducing zooplankton under low-predation regimes may be in part driven by the need to encounter mates. To our knowledge, this possibility has never been entertained in discussions of the Size-Efficiency Hypothesis (Hall et al. 1976 ). Thus, for some types of organisms, being large may in part be selectively driven by the need to encounter mates.
Our study indicates that when densities are low, behavioral components of mating are equal to or more important in H. shoshone population growth than are factors influencing egg production and mortality. It seems likely that other large freshwater copepods, such as H. arcticus, will have comparable mate search capabilities, given similarities in habitats and body size. Additionally, the relationship among temperature, swimming speed, and encounter rate indicates a pathway through which temperature changes could affect realized reproductive rate in copepods at densities near the critical density. Population establishment and persistence in species subject to Allee effects may depend more on how environmental factors alter mate limitation or other Allee effect mechanisms than on how environmental variation influences fecundity or survival rates. Combining mechanistic models with experimental data can improve our understanding of how critical densities vary in natural populations.
